Abstract-Diffusion Tensor Imaging (DTI) offers a valuable in vivo tool to characterize water diffusion behavior in biological tissues, particularly brain tissues. The accuracy of DTI derived parameters can directly affect the interpretation of underlying microstructures, physiology or pathologies. It is anticipated that measurement of apparent diffusion coefficient (ADC) using DTI could be influenced and complicated by the presence of water molecules in brain vasculature. However, little is known about to what degree does blood signal from vasculature affect the diffusion quantitation. In this study, we examined the effects of hypercapnia on DTI quantification in rat brains using inhalation of 5% carbon dioxide (CO 2 ). It was found that statistically significant changes occurred in parametric DTI maps in response to cerebrovascular challenges, indicating that vascular factors could interfere with in vivo DTI characterization of neural tissues. Consequently, hemodynamic alterations can potentially affect the DTI quantitation and detection of tissue microstructures and pathological alterations. Therefore, cautions must be taken when interpreting DTI parameters in vivo.
I. INTRODUCTION
iffusion tensor imaging (DTI), which is sensitive to evaluate biological structure by calculating water diffusion coefficient [1] [2] [3] [4] , has been widely used for in vivo experiments with brain and heart tissues in normal and pathological states [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . To such principle, it can be predicted that quantification of DTI parameters might be interfered by the presence of cerebral vasculature which would contaminate the diffusion signals from cellular fluid as well as other pathology-derived diffusivity changes [17] [18] [19] [20] [21] . However, the degree of blood signal from vasculature affects diffusivity has not been verified yet. In this study, we employed a hypercapnia rat model which would lead to passive dilation of cerebral blood vessels and increase cerebral blood flow by inhaling 5% carbon dioxide (CO 2 ) [17] .
Hypercapnia, which can be caused by inhaling excessive concentrated Carbon Dioxide, is an efficient way to modulate cerebral blood flow (CBF) and blood volume (CBV). It also induces vasodilatory effects in brain, therefore is widely used to study the hemodynamic alteration in the absence of neuronal activation. Thus, it is an important model of functional MRI (fMRI) studies for estimating vascular coupling [21] .
The effects of hypercapnia on DTI quantification were evaluated by performing In vivo DTI experiments. Cerebrovascular response was confirmed by Blood Oxygenation Level Dependent (BOLD) [18] effect and physiological parameter monitoring. Thus, the correlation between blood flow and diffusivity values was investigated to provide substantial information on applying in vivo DTI for probing tissue microstructures as well as exogenic vascular regulations in brain.
II. MATERIALS AND METHODS

A. Animal Preparation
Normal adult female Sprague-Dawley rats (350-400g, N=2) were anesthetized with isoflurane/air using 3% for induction and 1.9% for maintenance. Body temperature was maintained by circulating warm water in a heating pad. Continuous monitoring of respiration rate, heart rate, arterial oxygen saturation and rectal temperature were performed by animal probe (SA-Instruments, Stony Brook, NY) and maintained within normal physiological ranges. The monitoring data were exported for further CO 2 activation analysis.
B. Diffusion Tensor Imaging
In vivo experiments were performed using a 7T Bruker scanner. Each experiment included 48 continuous DTI trials, which were segmented into 6 couples of OFF/ON periods by manually switching air/ CO 2 supply to the animal mouth cone at certain time points. Each couple of OFF/ON period included 5 DTI trials for normocapnia (OFF) with pure air inhalation and 3 DTI trials for hypercapnia (ON) with 5% CO 2 /air inhalation. Diffusion-weighted (DW) images were acquired with a spin echo 2-shot EPI readout sequence with encoding scheme of 6 gradient directions. 5 additional images with b-value = 0 (B0 images) were also acquired [22, 23] . The imaging parameters were: TR/TE=3700/29.95ms, δ/Δ=5/17ms, FOV=5 x 5cm C. Data Analysis DTI images were processed with DTI-studio v2.40 (http://cmrm.med.jhmi.edu, Johns Hopkins University, Baltimore, MD) to obtain trace, axial diffusivity, radial diffusivity, and FA maps for each single DTI trial respectively. Two regions of interest (ROIs) on cortex and subcortex region were manually drawn (Fig.1) based on FA maps using ImageJ software v1.38x. When averaging the DTI derived values for normocapnia and hypercapnia conditions, the first 3 trials of each OFF period (about 4 minutes 30 seconds) were considered to be recovery time, and the first trial of each ON period (about 1 minute 30 seconds) were consider to be activation rise time [18, 21] . Therefore 2 trials of OFF periods and 2 trials of ON periods were used to evaluate the signal changes between normocapnia and hypercapnia. Voxel-based two-sample t-test analysis was performed on trace and B0 with threshold of p<0.05 using SPM5 (FIL, UCL, London, UK).
III. RESULTS Fig.2 . shows the physiology parameters during an experiment. Respiration rate rose from 59±6resp/m during OFF period to 74±5resp/m during ON period which revealed cerebrovascular response to hypercapnic challenge [19] while other physiology parameters were consistent with previous studies in rats under hypercapnia [18, 19] . Fig.3B depicts the statistical significant changes in B0 signal intensity which can be considered to be BOLD effect between all OFF/ON periods in a representative slice. Fig.3A shows the statistical significance of trace value changes between all OFF/ON periods. It's obvious that both B0 and trace values have significantly changed on the majority of the brain especially in cortex and subcortex area, which suggested that typical regions might be more susceptible to hypercapnic challenge.
Changes in average trace values during normocapnia and hypercapnia conditions in cortex and subcortex regions are illustrated in Fig.4 . The average increase percentage is 1.6% in cortex and 1.7% in subcortex among trials and animals. Continuous 48 axial, radial, mean diffusivity and FA values in cortical area were plotted versus time as shown in Fig.5 . There are coordinate fluctuation profiles in mean diffusivity, axial and radial values as normocapnia/hypercapnia conditions changed. Reasonable activation rising slopes after switching on CO 2 inhalation as well as descending slopes after switching off CO 2 inhalation can also be observed [21] .
IV. DISCUSSIONS
The statistical dependence of B0 value between normoxia/hypercapnia has shown strong evidence of BOLD effect which indicated the elevation of both CBV and CBF caused by hemodynamic activation under hypercapnic challenge [18] . Furthermore, the statistical significance in trace value demonstrated that diffusivity quantification increased accordingly correspond with the CO 2 inhalation. These quantification alterations are probably caused by the cerebral vascular smooth muscle response to the increased partial pressure of CO 2 in blood [18] , as a result of which would enhance the ion exchange in local acidic environment. In addition, it is likely that grey matter, which is known to be rich in vessels, diffusivity changes are significantly higher than other regions with respect to this cerebrovascular reactivity. ROI measurements further verified that in these typical regions, the signal change in DTI quantifications were solid.
Meanwhile, a pattern corresponds with mean diffusivity fluctuation could be found in axial and radial values, which were also shifted up and down consistent with OFF/ON periods. These might be contributed by the CBF and CBV alterations during hypercapnia, when excessive CO 2 was hydrated to local acidic environment and resulted in a passive vessel dilation as well as decreased resistance of cerebral arterial smooth muscle [18] . FA value may also be characterized by that a deepest point arose right after switching on CO 2 inhalation then gradually climbed up to a peak following turning-off CO 2 inhalation. These may suggest that hemodynamic activation had led to an enhanced effect on macro vessels in certain directions in brain.
V. CONCLUSION
As observed from this in vivo study, statistically significant changes occur in parametric DTI maps in response to cerebrovascular challenges, indicating that vascular factors can interfere with in vivo DTI characterization of neural tissues. Consequently, hemodynamic alterations can potentially affect the DTI quantification and detection of tissue microstructures and pathological alterations. Therefore, cautions must be taken when interpreting DTI parameters in vivo.
